Abstract-Two kinds of surface-wave waveguide (SWG) topologies are proposed in this paper with the objective to achieve the property of supporting both transverse magnetic (TM) and transverse electric (TE) modes with the same phase velocity. The first type is composed of two frequency-selective surfaces (FSSs) as layers whose dominant modes are TM mode and TE mode, respectively. For illustration'C the combination of loop-type FSS and wire-grid-type FSS is analyzed and its dispersion characteristics are examined as well. The second class also consists of two layers. For the top layer, there are gaps in one direction and continuous conducting strips in the orthogonal direction. The bottom layer is created from a 90°rotation of the top layer. As a particular illustration, a modified bow-tie-like SWG structure is investigated. The simulated results show that the two proposed SWG structures exhibit the property of supporting both TM mode and TE mode with the same phase velocity over a broad bandwidth. In addition, the effects of lattice types on dispersion diagrams are discussed in this paper. Near field measurements are also carried out to validate the simulations and good agreements are achieved.
literature. Here, we classify them under the broad terminology of SW waveguide (SWG) structures. Due to the capability of controlling the propagation path of SWs [10] , [11] , SWG have been employed for the applications of electromagnetic scattering alteration, cloaking, absorbing, and selffocusing [12] [13] [14] [15] [16] . Gradient SWG structures have been used for SW and propagating wave manipulation [17] , [18] . SWG structures also have been widely employed for antenna applications in the terms of modulated reactance surfaces [19] , [20] , holographic surfaces [4] , [21] , [22] , and lenses [23] .
A SWG structure can support SW that are polarized in a transverse electric (TE) mode, a transverse magnetic (TM) mode, or a combination of a TM and a TE mode depending on the geometric configuration of the SWG surfaces [4] . Naturally occurring surfaces, such as a conducting plane, support a SW mode of TM type. In general, for a grounded periodic SWG structure consisting of a frequency selective surface (FSS) with electrically small cells printed on the top layer of a grounded dielectric, the dominant SW mode is also TM type no matter whether the FSS elements is a patch type or an aperture type [24] . However, for the ungrounded SWG case, the electromagnetic behavior of the SWG would change dramatically by changing very small electrical connections [25] . It is shown that a TM mode is dominantly supported when the vertexes of a geometrically self-complementary SWG are connected, and a TE mode is dominantly supported when the vertexes are disconnected. Similarly, the dominant SW is TM mode when the unit cell is a square aperture and TE mode when the unit cell is a square patch.
SWG structures that support a dominant TM mode or a TE mode have been studied for years and exploited to design holographic surfaces for applications like leaky-wave radiation and field focusing [4] , [17] . However, these structures are generally sensitive to the polarization direction and therefore limitations exist due to such polarization sensitivities. For example, it is a challenge to get a centrally symmetric focused field when the modulated SWG are illuminated by a horizontally polarized field [17] . Regarding holographic antennas when excited by a horizontally polarized field, a narrow symmetric beam is hard to achieve [26] . As a result, the aperture efficiency of holographic antennas is reduced. Therefore, one significant challenge is to create a SWG structure that is insensitive to polarization. Since an incident wave can always be decomposed into TM and TE waves, supposing we have a SWG structure that can support both TM mode and TE mode with the same phase velocity, then the incident wave can propagate along the surface regardless of its polarization. In other words, such an SWG structure is insensitive to the polarization direction.
In this paper, we introduce two categories of SWG structures that can support both TM mode and TE mode with the same phase velocity. The proposed SWG structures are constructed by two printed layers separated by a thin dielectric substrate. The two layers of the first SWG type are formed by subwavelength periodic elements. The two layers can dominantly support TM mode and TE mode, respectively. For the second type of SWG structures, the bottom layer is simply a 90°rota-tion of the top layer with respect to the normal direction of the surface. In terms of the configuration of each layer, there are gaps in one direction and continuous conducting strips in the orthogonal direction. When examining the SW propagation characteristics of an SWG structure, the analysis results in dispersion diagrams, and another goal in this paper is to obtain TM and TE dispersion curves that are close to each other as much as possible. It is demonstrated by both simulations and measurements that the two types of SWG structures can support both TM and TE modes with the same phase velocity over a quite broad bandwidth. This paper is organized as follows. Section II presents the theoretical analysis of a SWG structure suspended in free space using a transmission line model and the transverse resonance condition. Section III presents a SWG category constructed by two layers whose dominant modes are TM mode and TE mode, respectively. As an illustration, a loop-wire unit cell is designed and its dispersion property is investigated as well. Then in Section IV, the configuration of the second kind of SWG is depicted and a modified bow-tie-like unit cell is studied for verification. Section V investigates the effects of lattice types on dispersion curves. As last, conclusions are drawn in Section VI.
II. THEORETICAL ANALYSIS OF SURFACE WAVEGUIDE
Here, the attention is concentrated on SWG structures suspended in free space without a ground plane, as shown in Fig. 1(a) . SWG structures are capable of supporting a SW mode, which is intimately bound to the surface of the structure [1] . The field is characterized by an exponential decay e −k z0 z away from the surface and having the usual propagation function e − jk x x (assuming the SW mode propagates along the +x direction). Here, k 2 z0 = k x 2 − k 2 0 , k z0 > 0 and k 0 is the wave number in the free space above the surface. The TM and TE wave impedances are therefore calculated by [27] 
where η 0 is the wave impedance in the free space above the surface.
Surface impedance boundary conditions are found to be very helpful in analyzing wave propagation properties along scalar or tensor impedance surfaces [3] , [4] , even though not describing the details of the field distribution near the surface. Fig. 1(b) shows the transmission-line model of the SWG structure, where, Z sheet represents the surface impedance of the SWG structure. According to the transverse resonance condition [28] , for a TM mode, there is
Using (1) and (2) in (3) leads to
Expression (4) manifests that in order to support a TM mode propagation along a SWG structure, the surface impedance should have inductive reactive term. By the same manner, it can be proved that in order to support a TE SW, the reactive part of the surface impedance must be capacitive. This gives a physical insight into the working mechanism of a SWG structure consisting of electrically small periodic elements, which can be analyzed by an equivalent circuit model.
III. UNIT CELL DESIGN OF LOOP-WIRE STRUCTURE

A. Topology Configuration
The first SWG topology contains two subwavelength FSS whose dominant modes are TE and TM modes, respectively. Fig. 2 shows three of the most common FSS unit-cell geometries whose dominant modes are TE mode: square patch, square loop, and Jerusalem cross structure. The gaps between adjacent conducting patches or wires create a dominant capacitive response at low frequencies and therefore, as analyzed in Section II that a capacitive response is needed to support TE mode propagation, the dominant mode of these elements is TE mode. It is demonstrated in the following content that a composite structure of a capacitive FSS and an inductive FSS would exhibit the property that the dispersion curves of the TM mode and the TE mode overlap at certain frequencies. In other words, the double-layer structure can support both TM mode and TE mode with the same phase velocity. Therefore, the combination of any FSS type from 
B. Unit Cell Design
The loop-wire unit cell design is illustrated in Fig. 4 (a) . A square loop and a wire-grid are printed on the two sides of a 0.508-mm-thick Rogers RT/duroid 5880 substrate (εr = 2.2) with lattice dimension p = 3.5 mm. Fig. 4(b) illustrates a square portion of the surface containing a few unit cells. Such a loop-wire configuration has been exploited for a miniaturizedelement FSS focusing on its reflection/transmission properties [29] , [30] . In this paper, the emphasis is on the SWG property and thus the analysis leads to dispersion diagrams. A full-wave electromagnetic simulation software Ansys HFSS version 15.0 is utilized to examine the performance of the SWG structures.
C. Measured and Simulated Results
In simulation, only a single unit needs to be analyzed to interpret the properties of a periodic structure by assigning master-slave boundaries in the eigenmode solver. In experiment, a finite size surface consisting of 53 × 75 cells was fabricated and tested to represent the infinitely large periodic structure. A photograph of a section of the surface is shown in Fig. 5 .
A near field scanner was used to do the dispersion measurement. The measurement setup for the TM mode and the TE mode are different, as is shown in Fig. 6(a) and (b) , respectively. A trapezoidal microstip-line connected to one port of an Agilent E5071C vector network analyzer (VNA) was adopted to excite the TM mode. A vertical probe, which is scanned across the surface, was connected to the second port of the VNA so as to record the E z field distributions. With regard to the measurement setup of TE mode, as shown in Fig. 6(b) , a waveguide port was connected to one port of the VNA to excite the TE mode and a horizontal probe was connected to the second port of the VNA to record the E y field distributions.
S 21 of the E z and E y fields were recorded along a x-direction line of 150 mm with 500-um increments in the experiment. By implementing the fast Fourier transform algorithm (FFT) to the measured S 21 along the 150-mm line, the wavenumber of the TM mode and TE mode can be extracted for the whole frequency range. Fig. 7 gives the measured and simulated dispersion diagrams of the unit-cell design with the direction of propagation along the x-direction. Excellent agreement is achieved between the simulation and the measurement. Due to the symmetric geometry, the same dispersion curves would be obtained when waves propagate along the y-direction. According to the simulation, the dispersion curves of the TM mode and TE mode overlap around 18 GHz, which means TM mode and TE mode have the same phase velocity.
To get a better understanding of the SW propagation property along the surface, both TM and TE field distributions of the proposed SWG structure are investigated. Fig. 8(a) and (b) shows the simulated TM mode and TE mode distributions in the xz plane, respectively. It shows obviously that the TM mode and the TE mode are tightly bound to the SWG surfaces. The TM mode and the TE mode distributions close to the xy plane are measured and shown in Fig. 8(c) and (d) . As can be seen from Fig. 8(d) , for the TE mode, the wavelength can be estimated from the field distributions. For the TM mode, due to the appearance of higher order modes like evanescent modes that are picked up by the vertical probe scanning above the surface at a height around 0.2 mm, the wavenumber is hard to tell from the E z field distributions. Therefore, the FFT is utilized for both TM and TE wavenumber calibrations.
IV. UNIT CELL DESIGN OF DOUBLE-LAYER MODIFIED BOW-TIE-LIKE STRUCTURE
A. Topology Configuration
For an array of continuous, conducting narrow strips, the impedance is either inductive (responsible for the TM mode) or capacitive (responsible for the TE mode), depending on whether the incident wave is polarized parallel to or perpendicular to the edges of the strips, respectively [1] . Fig. 9(a) shows a double-layer unit cell with 90°rotational symmetry in the xy plane. A small section of a SWG constructed by this kind of unit cell is shown in Fig. 9(b) . For each layer, there are gaps in one direction and continuous strips in the orthogonal direction. Fig. 9(c) shows an example of the dispersion diagram for this kind of unit cell, which demonstrates that there is a point where the TM mode and TE mode overlap, indicating that the TM mode and TE mode have the same phase velocity. Based on this topology, two unit cells are proposed, as shown in Fig. 10 , which give similar dispersion diagrams as that shown in Fig. 9(c) . The step-like unit cell shown in Fig. 10(a) derives directly from the topology plotted in Fig. 9(a) . In order to realize a miniaturization design, bow-tie-like unit in Fig. 10(b) is proposed based on Fig. 10(a) . Fig. 11(b) shows the dispersion diagram for the particular bowtie-like structure, as shown in Fig. 10(b) . In order to get better performance that TM mode and TE mode give the same phase velocity during a broader bandwidth, a modified bow-tie-like structure is proposed in Section IV-B.
B. Unit Cell Design
The configuration of the bi-layer modified bow-tie-like structure and its detailed parameters are shown in Fig. 11 . Compared with the structure shown in Fig. 10(b) , the central metal strip was replaced by twin wires separated with a distance of d 1 = 1.2 mm. Fig. 11 shows the simulated dispersion curves of the two unit cells. The dimensions of the parameters of bow-tie-like structure are kept same as that of the modified bow-tie-like structure shown in Fig. 11(a) . As can be seen from Fig. 11(b) , the modified bow-tie structure exhibits better performance, because the two modes have almost the same phase velocity over a broad bandwidth than that of the bow-tie-like structure.
According to the parametric study, the spacing between the twin wires, d 1 , has a great effect on the cross of TM and TE Fig. 10(b) and the line + symbol corresponding to the structure in Fig. 11(a). modes and in what level the two modes overlap. Fig. 12 shows the dispersion diagrams with different values of d 1 . As can be seen in Fig. 12, d 1 has a dramatic effect on the dispersion curve of the TE mode, whose slope increases with the increase of d 1 .
C. Measured and Simulated Results
A prototype sample of the modified bow-tie-like SWG with 53 × 75 cells was fabricated and tested using the near field scanner. Fig. 13 shows a small section of the fabricated sample. The measurement setup for the TM mode and TE mode measurement are kept almost the same as that in Section III-C except for a horizontal probe, as shown in Fig. 14(b) , was used for the TE mode excitation. The E z and E y fields are recorded by a vertical probe and a horizontal probe, respectively. The measured wavenumbers are calculated by applying the FFT algorithm to the recorded S 21 of the E z and E y field distributions along a x-direction line of 150 mm at 500-um increments. Fig. 15 shows the measured dispersion curves as well as the simulated ones for comparison. The measurement and the simulation exhibits good consistency. According to the simulation, the TM mode and TE mode give the same phase velocity around 18 GHz. In addition, the dispersion curves of the two modes closely overlap. The field distributions are also simulated and measured, which demonstrates that TM and TE modes are tightly bound to the SWG surface. For the sake of brevity, the detailed TM and TE field distributions are not shown here. 
V. EFFECTS OF LATTICE TYPES ON DISPERSION CURVES
A 2-D square and hexagonal lattices are two commonly seen lattice types, which have been widely studied in the field of photonic crystals and electromagnetic bandgap structures. It has been reported that the geometry of photonic crystal lattice types would significantly affect the bandgap characteristics [31] , [32] , and laser characteristics, such as threshold conditions and lasing spectra [33] . The lattice structures and Brillouin zones for these two types are shown in Fig. 16 , where the green shadow triangles indicate the irreducible Brillouin zones. For the sake of calculation, as shown in Fig. 16(b) , a rectangular unit supercell (solid rectangular) instead of a hexagonal one (dashed hexagon) is chosen for simulation and therefore the corresponding first Brillouin zone is the solid rectangular instead of the hexagonal lattice [34] . The irreducible Brillouin zone of the rectangular lattice is indicated by path XM Y . Note that, due to the folding of both reciprocal lattices, scanning along the contour XM Y completely covers the whole Brillouin zone of the hexagonal lattice. This paper aims to investigate propagation characteristics of SWGs. Ideally, the proposed SWG surfaces can support both TM-and TE-mode with the same phase velocity in an arbitrary direction along the surface. Due to the symmetric configuration in the xy plane, here, the loop-wire SWG topology is analyzed to study the effects of lattice types on dispersion curves. Two lattice structures, square, and hexagonal lattices, are examined in this paper. The SWG configuration proposed in Section III is a square lattice. Fig. 17 shows the simulated dispersion diagrams of the loop-wire SWG with square lattice in the cases of the first two modes, where the subgraph shows when the two modes propagate in the x-axis [path -X in Fig. 16(a) ] and the diagonal [path -M in Fig. 16(a) ] directions. The SWG geometry and parameters are kept the same with those presented in Section III. As can be seen from Fig. 17 , the dispersion curves in the two directions are aligned with each other in the low frequency range. However, with the increase of frequency, the discrepancy deteriorates. As a result, the dispersion curves of the loop-wire SWG with square lattice exhibit great discrepancy when the SWs propagate in different directions along the SWG surface. Now, let us examine the loop-wire SWG topology with hexagonal lattice. As shown in Fig. 18(a) , a rectangular supercell consisted by hexagonal unit cells in terms of discrete loop-FSS for the top layer and continuous wire-FSS for the bottom layer is presented. A small portion of the corresponding SWG with hexagonal lattice is shown in Fig. 18(b) . The dispersion diagram of the first two modes of the supercell is given in Fig. 19 . The subgraph illustrates the simulated dispersion curves when the two modes propagate along the y-axis [path -M in Fig. 16(b) ] and ϕ = 60°[path -K Fig. 16(b) ] directions. According to Fig. 19 , the proposed hexagonal loopwire SWG with hexagonal lattice exhibits almost the same dispersion curves when SWs propagate in different directions of the surface. Therefore, SWGs with hexagonal lattice exhibit better performance in the aspect of dispersion property than those with square lattice. Fabrication and measurements have been carried out and the measurement setup is the same as that shown in Fig. 14 . The simulated and measured dispersion curves for the TM mode and TE mode that propagate along the y-axis and ϕ = 60°directions are given in Fig. 20(a)-(d) , respectively. The same FFT method that described in Measured and simulated dispersion curves of (a) TM mode propagating along the y-axis direction, (b) TE mode propagating along the y-axis direction, (c) TM mode propagating along the ϕ = 60°direction, and (d) TE mode propagating along the ϕ = 60°direction.
Sections III and IV is utilized to obtain the measured dispersion curves. As shown in Fig. 20 , the simulation and the measurement agree well with each other.
VI. CONCLUSION
Two SWG topologies are found to have the property of supporting both TM mode and TE mode with the same phase velocity. The first type consists of two FSS layers whose dominant modes are TM mode and TE mode, respectively. The second type is composed of two layers and the bottom layer comes from a 90°rotation from the top layer. The top layer has gaps in the x-direction and continuous conducting strips in the y-direction. Therefore, in either the x-direction or y-direction, there are gaps on one layer and continuous conducting strips on the other layer. Based on these topologies, SWG structures with various unit-cell shapes can be created to obtain the desired characteristics. Since various FSS shapes can be found to support TM mode or TE mode, according to the first type of the proposed SWG topologies, the combination of any FSS whose dominant mode is TM mode and any one whose dominant mode is TE mode can achieve these characteristics. For the second type, several unit cells are proposed in this paper, and many other shapes can also be created based on this topology. SWG surfaces with these characteristics of supporting both TM and TE mode with the same phase velocity have great potential to be used in many applications like gradient Luneberg lens antennas and holographic surfaces. For instance, a planar holographic surface with central focusing property can be achieved when imposed by a horizontal polarized excitation.
